In ordinary listening environments, acoustic signals reaching the ears directly from real sound sources are followed after a few milliseconds by early reflections arriving from nearby surfaces. Early reflections are spectrotemporally similar to their source signals but commonly carry spatial acoustic cues unrelated to the source location. Humans and many other animals, including nonmammalian and even invertebrate animals, are nonetheless able to effectively localize sound sources in such environments, even in the absence of disambiguating visual cues. Robust source localization despite concurrent or nearly concurrent spurious spatial acoustic information is commonly attributed to an assortment of perceptual phenomena collectively termed "the precedence effect," characterizing the perceptual dominance of spatial information carried by the first-arriving signal. Here, we highlight recent progress and changes in the understanding of the precedence effect and related phenomena.
INTRODUCTION
Sound source localization is remarkably unaffected by the drastic transformations that source signals undergo in many environments as a result of reflections and reverberation (e.g., Fig. 1 ). A seminal paper published over six decades ago by Wallach et al. (1949) posited that listeners localize sound sources in everyday environments by responding to the acoustic spatial cues carried by the first-arriving sound-that traveling the path directly from the source to the ears-rather than the spurious cues carried by reflected sound arriving milliseconds later from myriad directions unrelated to the source. Wallach et al. (1949) termed this phenomenon the precedence effect in sound localization. Similar phenomena, termed the "Law of the First Wavefront" and the "Haas effect," were described by Cremer (1948) and Haas (1949 Haas ( , 1951 in close chronological proximity to the report of Wallach et al. (1949) . Still, earlier observations of a similar nature were reported by Snow (1936) in a patent application and by Fay (1936) and Hall (1936) in conference abstracts. The "precedence effect" label coined by Wallach et al. (1949) has persisted, and it is the one we adopt in this review (for a historical discussion of the precedence effect, including its discovery and nomenclature, see Gardner 1968) .
Several hundred studies of the precedence effect and related phenomena since Wallach et al. (1949) have contributed a great deal to our understanding of factors influencing sound localization in everyday (nonanechoic) environments and to our understanding of physiological mechanisms subserving localization across environments. Excellent summaries of earlier studies can be found in the reviews of Zurek (1987) , Blauert (1997), and Litovsky et al. (1999) . The present review is concerned primarily with studies published during the past~15 years, i.e., since the seminal review by Litovsky et al. (1999) .
The review is comprised of three sections that consider in turn (1) human psychophysical and noninvasive physiological studies, (2) comparative (animal) psychophysical and physiological studies, and (3) computational models proposed to account for a variety of precedence effect data. We conclude each section with a summary of the major insights offered by the material covered. In a final section, we synthesize major insights of the foregoing sections with particular attention to extant gaps in understanding and remaining challenges in basic and translational research. Wallach et al. (1949) demonstrated the precedence effect (PE) using a simple but clever paradigm that has been employed in dozens of investigations since (see also Haas 1949 Haas , 1951 . In this paradigm, intended to simulate a source signal and single reflection, a human subject is seated equidistant from two loudspeakers in a sound-treated room or anechoic chamber and asked to judge features of signals presented through each. In the simplest case, a brief signal such as a click, noise burst, or tone pip is presented through one speaker, followed after some delay by an identical signal presented from the opposite speaker ( Fig. 2A) . Provided the delay between the first signal (the direct sound, or "lead") and the second signal (the simulated reflection, or "lag") is sufficiently brief, listeners tend to (1) perceive one signal rather than the two that were actually presented, termed fusion, (2) localize the fused signal at or near the location cued by the first of the two signals, termed localization dominance, and (3) lack sensitivity to features of the second signal, most especially its location, termed discrimination suppression (Wallach et al. 1949; Freyman et al. 1991 ; nomenclature proposed by Litovsky et al. 1999) . At longer delays, two discrete signals are perceived near (though not necessarily at) the veridical locations of the lead and lag. At very brief delays of G1 ms and especially G0.5 ms, listeners tend to perceive a fused image intermediate to the lead and lag, a phenomenon known as "summing localization" (cf. Warncke 1941) that will not be considered extensively in the present review. Some paradigms employ headphones rather than loudspeakers for signal presentation (e.g., Wallach et al. 1949; Zurek 1980) , imposing interaural time differences (ITDs), interaural level differences (ILDs), or combinations thereof (e.g., by filtering the signal to each ear with head-related transfer functions (HRTFs) to create a virtual auditory space (VAS) environment (Fig. 2B) ).
HUMAN PSYCHOPHYSICAL STUDIES
In either the loudspeaker or headphone version of the "two-source" lead-lag paradigm, subjects are typically instructed to report either the number of sounds perceived, or to localize, lateralize, or discriminate the location or directionality of either the lead or the lag signal. The stimulus variable of primary interest is most often the "lead-lag delay"-the time between the onsets of the lead and lag signals-and performance is usually reported as a function of leadlag delay. The echo threshold is the briefest lead-lag delay at which subjects report perceiving "two sounds" or are able to accurately identify or discriminate the lag location on some criterion proportion of trials (e.g., on 50 % or on 75 % of trials). Performance may also be reported simply in terms of localization accuracy for the lead or lag across lead-lag delay, without explicit reference to a threshold of this type. Differences in stimulus parameters (temporal, spectral, and spatial), tasks employed (including task instructions), and echo threshold definitions (including threshold criteria enforced) have given rise to a wide range of echo thresholds reported in the literature, ranging from 2 to 100 ms or more (Table 1; environments. All recordings were made using a spring-loaded "clapper" as the source, positioned 2 m directly to the right of a binaural manikin fitted with in-the-canal microphones. The number of discrete reflections and reverberation times produced by nonanechoic environments are widely variable. The "single reflector" recording is the nearest real approximation of the synthetic leadlag transient stimulus used in a majority of studies discussed in this review. The "open forest" recording, made in a deciduous forest in late autumn, illustrates the lack of high-amplitude reflections produced in many natural environments. Within the anechoic chamber, the manikin was situated at the center of a speaker hoop, which produced very slight reflections visible in the left channel particularly (asterisk).
also arise from individual subject factors including age and hearing status. Below, we review a variety of such factors studied in recent investigations, and their influences on psychophysical measures of the PE.
Effects of the Task Employed
Fusion Versus Localization Versus Discrimination-Based
Paradigms. The nomenclature proposed by Litovsky et al. (1999) delineates three categories of psychophysical paradigms used to study the PE that may ultimately target different facets of the effect.
Toward an improved understanding of the interrelationships among these paradigms, Litovsky and Shinn-Cunningham (2001) employed all three in the same group of subjects. Across experiments, stimuli consisted of 1-ms duration noise bursts presented in lead-lag pairs over headphones with varied lead and lag ITDs. Performance was assessed as a function of lead-lag delay, which was varied systematically. In a fusion experiment, listeners were instructed to report whether they perceived "one fused auditory event or two sounds." In a discrimination suppression experiment, ITD discrimination thresholds were measured adaptively for the lag and separately for the lead. In a final localization dominance experiment, listeners were required to adjust the ITD of a separately presented "pointer" stimulus to match the perceived intracranial position of either the lead or the lag, tested in separate runs. Whereas fusion echo thresholds were 4-7 ms for four of the six subjects, evidence of localization dominance and discrimination suppression persisted to lead-lag delays 910 ms, reliably exceeding the fusion echo threshold. The authors interpreted these data to suggest that temporal (fusion) and spatial (localization/discrimination) aspects of the PE may be attributable to different mechanisms.
Other recent studies have also assessed the temporal extent of fusion versus other PE measures. Litovsky and Godar (2010) and Donovan et al. (2012) measured lead and lag localization and fusion echo thresholds using single lead-lag pairs of noise bursts and, concordant with the results of Litovsky and Shinn-Cunningham (2001) , found that fusion echo thresholds were significantly lower than the temporal limit of significant spatial lead-lag interactions (e.g., localization dominance). Bianchi et al. (2013) reported similar data for clicks. In contrast, Seeber and Hafter (2011) , who tested fusion and both lead and lag localization across a number of conditions using VAS stimuli, concluded that fusion and localization aspects of the PE appeared to follow a similar time course: With increasing lead-lag delay, fusion decreased and the extent of laterality perceived for the lag also gradually increased. This complementary trend is evident when fusion data are plotted as continuous functions (rather than discrete "threshold" values) along with lead/lag lateralization data on the same lead-lag delay axes (see Fig. 3 ).
Under some conditions, fusion, localization dominance, and discrimination suppression measures of precedence appear to diverge substantially. In a study of "buildup" effects (detailed later in this section; Fig. 4 ; see also Litovsky et al. 1999) , Yang and Grantham (1997) compared echo thresholds measured via subjective fusion versus discrimination suppression tasks in the free field. The authors reported that elevation of the echo threshold by stimulus repetition (i.e., buildup) was several times greater for subjective fusion than for discrimination suppression. Similarly, reported greater changes in fusion than in localization dominance following repetition of headphone ITD and ILD stimuli. These studies suggest that spatial A Free-field stimuli are presented from loudspeakers, most typically positioned symmetrically about the subject at a distance of 1-2 m. The "lead" speaker (right) emits a signal (e.g., a broadband impulse), which is followed after a brief delay by an identical signal from the "lag" speaker (left), typically construed as a simulated "echo." The delay between the lead and lag signals, the "lead-lag delay," is the parameter of primary interest in most studies: Although the lead and lag signals carry two separate sets of spatial acoustic cues, dependent on source azimuth and elevation, the complete stimulus is usually perceived as a single event at one location at brief lead-lag delays. B Stimuli presented over headphones are often used to simulate aspects of free-field lead-lag presentation. Interaural time difference (ITD) stimuli, the most common variant, feature pairs of equal-intensity stimuli presented through each earphone with slight asynchrony (G1 ms) to produce intracranial (inside-the-head) lateralization of the lead and/or lag. Interaural level difference (ILD) stimuli feature paired stimuli in each channel with intensive asymmetries (but no asynchrony) to produce lateralization of the lead and/or lag. Virtual auditory space (VAS) stimuli, created by filtering stimuli with the head-related transfer functions for the desired lead and lag virtual locations, feature both ITD and ILD cues as well as spectral shape cues in their natural combinations.
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aspects of the PE may be relatively more static across different stimulus configurations, while fusion may be more dynamic.
Insights from Studies of Onset Dominance and Binaural
Adaptation. One goal of the present review is to highlight data from psychophysical studies that have employed precedence-like stimuli or paradigms but that may not have been directly motivated by the PE and are not regularly discussed within the PE literature. Specifically, the well-studied effects of onset dominance (e.g., Saberi and Perrot 1995; Freyman et al. 1997; Stecker and Hafter 2002; Stecker and Brown 2010) and binaural adaptation (e.g., Hafter et al. , 1988 Goupell et al. 2009 ) demonstrate spatiotemporal fusion and localization dominance phenomena quantitatively similar to PEs for paired lead-lag stimuli.
Onset Dominance. Studies of onset dominance typically employ a sequence ("train") of several temporally discrete, spectrally identical or similar stimuli, such as brief impulses or noise carrying different spatial cues in onset (lead) and post-onset (lag) portions of the signal. As in studies of the paired-source PE, stimuli have been presented (1) Saberi (1996) explicitly derived estimates of perceptual "weights" for varied ITD carried by trains of 2-16 discrete pulses. At brief inter-pulse intervals (1.8 and 3 ms), consistent with earlier PE studies which had derived analogous weights for the lead and lag (e.g., Shinn-Cunningham et al. 1993 ), Saberi (1996 demonstrated high weights for the first pulse in a train (the lead), given by discrimination of the fused stimulus consistently in the direction (left or right) of the first pulse ITD, and uniformly low weights for post-onset pulses. At 12-ms inter-pulse interval, weights were similar for onset and post-onset Mean data are replotted from three studies that assessed as a function of lead-lag delay, in the same groups of subjects, both (1) localization (in VAS) or lateralization of lead and lag signals and (2) subjective fusion (i.e., perception of a "second image," presumed to reflect discrete perception of the lag). Stimuli were 1-ms broadband noise bursts (Litovsky and Shinn-Cunningham 2001) , 123-μs monophasic pulses (Brown and Stecker 2013), or 10-ms broadband noise bursts (1-ms rise/fall, Seeber and Hafter 2011) . Localization data (upper panel) are normalized to the veridical location (localization), target cue (adjustment), or response laterality expected for a "lead-alone" (+1) or "lag-alone" (−1) stimulus (pointing). While localization of the lead was minimally affected by the presence of the lag at any lead-lag delay (beyond the G1-ms window of summing localization), localization of the lag was affected by the presence of the lead for lead-lag delays of 10 ms and beyond. The proportion of trials on which two images were reported (lower panel) increased largely in parallel with increasing lag localization, although the fusion "echo threshold" (lead-lag delay at which each trace crosses the 0.5 or 0.75 (dashed line)) generally occurred before the influence of the lead on lag localization dissipated. Note that these data are for "baseline" (single lead, single lag) stimuli only (see text). Outlying data from a sixth subject in the study of Litovsky and Shinn-Cunningham were omitted (asterisk).
pulses, consistent with sensitivity to both "leading" and "lagging" information (i.e., weak precedence). Binaural Adaptation. Studies of binaural adaptation, beginning with an extensive series of experiments by Hafter and colleagues Hafter et al. , 1988 Hafter and Buell 1990; Hafter 1997 ; see also studies by Trahiotis, Bernstein, and colleagues, e.g., Bernstein and Trahiotis 2002), employ stimuli similar to those employed in studies of onset dominance but are different in that the cues of the onset and post-onset portions of the signal are identical (cf. Litovsky and Shinn-Cunningham 2001) . Rather than assessing localization or lateralization given by the onset versus post-onset signals, studies of binaural adaptation assess the improvement in discrimination of a static cue as a function of stimulus duration. For example, consistent with studies of the PE, studies of binaural adaptation using pulse train stimuli have generally demonstrated that listeners are rather insensitive to post-onset spatial information when the inter-pulse interval is ≤5 ms, evidenced by lack of improvement in detection performance with increasing impulse number (i.e., a failure to integrate information over time for improved sensitivity). At the short inter-pulse interval of 2 ms, for example, listeners' ITD detection thresholds are almost as good for a single pulse (onset only) as for an onset followed by 31 post-onset pulses carrying identical information . When the inter-pulse interval is increased to a larger value, e.g., 14 ms, detection thresholds improve significantly with increasing pulse number, indicating a recovery of sensitivity to postonset information or, in other terms, suggestive that the PE mechanism(s) that limit(s) access to post-onset binaural information is no longer operative. Tollin and Henning (1998) demonstrated similar effects using a traditional two-pulse stimulus and specifically suggested that binaural adaptation and PEs may be produced by the same mechanism(s). We note, as an aside, that studies of binaural adaptation and onset dominance have not to our knowledge formally assessed subjective fusion. Rather, impulse trains produce robustly fused percepts (sounding like a "buzz" or "hum"), even at long inter-pulse intervals for which it can be demonstrated that listeners are sensitive to the spatial cues of each pulse (Stecker and Hafter 2002)-another example of the divergence of fusion versus spatial measures in precedence-like paradigms.
Effects of the Stimulus Spectrum
Effects of Signal Bandwidth on Localization Dominance.
Localization is generally less accurate for narrowband than for broadband sources (e.g., Stevens and Newman 1936) , but localization of narrowband sources is particularly poor in reverberant environments (Franssen 1960; Rakerd and Hartmann 1985) . and Dizon and Colburn (2006) (Zwislocki and Feldman 1956; Brughera et al. 2013) , and ITD information carried by spectral components in this region appears to supersede localization cues (both ITD and ILD) carried by other components, suggestive of an ITD(or interaural phase)-based "spectral dominance region" in binaural hearing (cf. Bilsen and Raatgever 1973; Gaskell 1983; Heller and Trahiotis 1996) . Tollin and Henning (1999) directly assessed the degree to which such a "dominance region" might apply to the PE by presenting listeners with transient "lead-lag" stimuli and "lead-lag-lag" stimuli (simulating a source followed by two echoes, see also Ebata et al. 1968 and Goupell et al. 2012 ) in a headphone ITD lateralization task. Across a variety of conditions, the authors demonstrated that listeners' lateralization responses were dominated by the effective ITD produced by the composite lead-lag signal in thẽ 750-Hz region of the spectrum, which at very brief lead-lag delays could spuriously favor the lag, even if the cross-frequency ITD favored the lead (cf. Dizon and Colburn 2006) . Dizon and Colburn (2006) also studied effects of signal center frequency on lateralization responses. Keeping octave-bandwidth constant, localization dominance was shown to become progressively weaker for bandpass noises with 500-Hz, 1-kHz, and 2-kHz center frequencies. The data of Dizon and Colburn (2006) (and those of Tollin and Henning 1999) are qualita-tively consistent with earlier data reported by ShinnCunningham et al. (1995) , Blauert and Divenyi (1988), and Blauert and Cobben (1978) , which also suggested a dominant role for low-frequency information in localization dominance. Whether lowfrequency binaural information is of special importance in the PE specifically or whether its salience in precedence paradigms is merely a manifestation of the dominant role of low-frequency information in spatial hearing in general (Wightman and Kistler 1992; Heller and Trahiotis 1996) is unclear, though we have found no data to contradict the more parsimonious latter account.
Effects of Temporal Parameters
Effects of Stimulus Duration and Lead-Lag Temporal Overlap. The transient, temporally nonoverlapping stimuli employed in a majority of PE investigations simulate a very limited class of natural sounds. Many natural sounds are of extended duration and give rise to reflections that overlap with the source signal and persist for tens or hundreds of milliseconds after the source signal offset. While a number of studies have employed overlapping stimuli of extended duration to study PEs with more naturalistic (non-transient) stimuli (e.g., Wallach et al. 1949; Zurek 1980) , few studies have attempted to contrast the perceptual effects of non-overlapping segments ("lead only" and "lag only") with the lead-lag delay associated with the overlapping segment. Donovan et al. (2012) recently employed a novel stimulus paradigm in which relatively long-duration lead and lag noise bursts were presented dichotically (via imposed ITD) with varying degrees of temporal overlap. In general, data indicated that for a given lead-lag delay, longer duration "lead alone" segments tended to produce a more strongly lateralized image in agreement with the lead ITD and slightly greater lead-lag fusion, while a longer duration "lag alone" stimulus gave weaker lead-lag fusion and stronger lateralization of the lag image. These effects were observed even at very brief lead-lag delays. For example, a 6-ms lead burst that overlapped for 3 ms with a 27-ms lag burst produced the perception of two images, one on the side of the lead, and one on the side of lag, despite the fact that the lead-lag delay was only 3 ms. A complication in the interpretation of these data arises from the fact that a lagging stimulus of greater duration than its leading stimulus necessarily contains a segment that is novel (i.e., not in the lead), even if spectrally similar. The authors noted that there was little difference observed between this circumstance (longer-duration lag than lead) and the circumstance where the lead and lag were equal durations. However, a discrete reflection carrying a consistent cue for several or tens of milliseconds without contamination from additional reflections carrying conflicting cues is unlikely to occur in a natural setting. Use of this paradigm is considered further in the "Comparative Studies" section of the review (see also Takahashi 2008, 2010) .
Effects of temporal overlap aside, it has generally been observed that longer-duration stimuli produce a more robust PE than shorter-duration stimuli. For example, Miller et al. (2009) and Seeber and Hafter (2011) demonstrated longer fusion echo thresholds, greater localization dominance, and stronger lag discrimination suppression with single-syllable speech stimuli (up to 940-ms duration) than for shorterduration stimuli (e.g., 10-ms noise bursts, Seeber and Hafter 2011) . Donovan et al. (2012) presented listeners with lead and lag noises of 30 or 200 ms that were gated on synchronously with a fixed 3-ms lead-lag delay. Localization dominance was shown to be significantly greater for the 200 ms than for the 30-ms stimulus. Finally, Hafter et al. (2001) assessed both fusion and localization dominance using synthetic piano tones 500 ms in duration. For equal-amplitude lead and lag tones, echo thresholds for both procedures fell in the range of 7-8 ms; when lagging tones were realistically attenuated, echo thresholds were extended to 15-26 ms, similar to earlier measures obtained with longer-duration speech and music stimuli (e.g., Wallach et al. 1949; Haas 1949 Haas , 1951 . Effects of Stimulus Repetition. In addition to effects of duration within single lead-lag pairs, precedence phenomena can be affected by repetition of multiple lead-lag stimuli over a period of several seconds or more. Clifton and colleagues extensively studied the effects of stimulus repetition on fusion (Clifton 1987; Clifton and Freyman 1989; Freyman et al. 1991) and discrimination suppression measures of the PE (Freyman et al. 1991; Clifton et al. 1994; McCall et al. 1998) . Two key phenomena were observed in these and related studies (e.g., Grantham 1996; Yang and Grantham 1997; see Fig. 4 ): (1) In a phenomenon known as buildup, echo thresholds measured via subjective fusion could increase from 5-10 ms for a single stimulus presentation to 15-30 ms or more following several stimulus repetitions; smaller but significant increases in thresholds could also be measured in discrimination suppression tasks (e.g., Yang and Grantham 1997; Djelani and Blauert 2001; see Fig. 4B) . (2) In a phenomenon known as "breakdown," repetition-enhanced lead-lag fusion or lag discrimination suppression could be "broken down" to baseline levels following changes to certain features of the lead-lag stimulus. Effective changes included sudden switching of the lead and lag speaker locations (e.g., Clifton and Freyman 1989), a sudden adjustment of the lead-lag delay (Clifton et al. 1994), or a sudden shift in the spectrum of the lag (e.g., McCall et al. 1998) . In each of these cases, echo thresholds measured for the changed stimulus approximated the echo threshold measured for a single lead-lag stimulus presentation, a result interpreted as a resetting of the echo threshold in response to the sudden change in the lead-lag stimulus. Data from such investigations, in conjunction with the finding of a left-right asymmetry in the buildup effect (see Grantham 1996) , were subsequently taken to suggest a role for cognition in the PE (see Litovsky et al. 1999 ). This view holds that listeners rapidly develop "expectations" about the behavior of sound in a given listening environment, leading to enhanced suppression of the reflected sound (e.g., Clifton et al. 1994; Sanders et al. 2011) .
A novel alternative perspective on buildup and breakdown effects was offered by Djelani and Blauert (2001) . In their study, listeners were presented with lead-lag stimuli in a VAS environment comprising four different conditions: In this illustration, the lead carries spatial cues favoring the right ear (depicted as a mirror image), and the lag carries spatial cues favoring the left ear, imposed via one of the methods illustrated in Fig. 2 . Buildup stimuli consist of a series of lead-lag pairs-a "conditioner" train-carrying spatial cues identical to the test pair, which is presented after a brief pause. Breakdown stimuli (of the type illustrated) consist of a conditioner train carrying spatial cues opposite those of the test stimulus, such that the test stimulus features a "switch" in lead and lag locations. Buildup Retest stimuli are identical to buildup stimuli, with the exception of an intervening lead-lag pair at the end of the conditioner train that carries spatial cues opposite the preceding conditioner pair and the proceeding test pair. B Mean "echo threshold" data are replotted from several experiments that have assessed precedence effects for two or more of the stimulus configurations illustrated in A. In all experiments, stimuli were brief broadband noise bursts or impulses. In general, stimulus repetition elevates echo thresholds, but several key findings are that:
(1) Response paradigms that require explicit discrimination (Yang and Grantham 1997) of the lag location or detection of an image in the vicinity a visible lag loudspeaker (Freyman and Keen 2006) suggest lesser effects of buildup than subjective paradigms, which generally only require subjects to indicate whether one or two images were perceived. (2) Stimuli that are lateralized by virtue of ILD exclusively (Krumbholz and Nobbe 2002; Brown and Stecker 2013) tend to produce lower echo thresholds than freefield or ITD stimuli in particular. (3) Breakdown of the echo threshold, evidenced by a reduction of the echo threshold relative to the Buildup condition, tends to occur only when ILD cues are present; however, (4) for all cue types, echo thresholds generally remain elevated when the primary conditioner stimulus is presented as the test (e.g., following a "breakdown" stimulus in the Buildup Retest condition).
(1) baseline, a single lead-lag stimulus presentation, (2) buildup, a sequence of several identical lead-lag stimuli, (3) breakdown, a sequence of identical lead-lag stimuli followed by an aberrant (spatially switched lead and lag) stimulus, and (4) buildup retest, a breakdown stimulus followed by an additional repetition of the original buildup stimulus (Fig. 4A ). Across conditions, the listener's task on each trial was to report the number of sounds perceived for the final stimulus in the sequence (a subjective fusion task). The authors adjusted the lead-lag delay adaptively across trials to measure fusion echo thresholds for each condition. Consistent with earlier studies, echo thresholds in the buildup condition were found to be significantly (twofold to threefold) longer than those in the baseline condition, while thresholds in the breakdown condition were comparable to baseline thresholds. Buildup retest thresholds, in contrast, were comparable to buildup thresholds. That is, despite presentation of the breakdown stimulus, buildup for the repeated stimulus was clearly maintained. The authors took this finding as evidence against a "resetting" of a global echo threshold; rather, by their interpretation, breakdown stimuli simply elicit a baseline echo threshold for a novel stimulus. More recent studies by Freyman and Keen (2006), Freyman (2009), and have supported this view, demonstrating that buildup may be established for multiple concurrent stimuli and perhaps even in a manner that is specific to individual spatial cues (Krumbholz and Nobbe 2002; . Data from recent studies of buildup and breakdown effects are summarized in Figure 4B . Effects of Spatial Cues. A majority of studies concerned with the PE, including a majority of those discussed in the preceding sections, have employed either free-field or headphone ITD stimuli for measurements of fusion echo thresholds or to assess relative sensitivity to spatial attributes of lead and lag stimuli. A minority of studies have employed headphone ILD or "monaural" spectral shape cues. Therefore, until recently, relatively little was understood about the differential contributions of individual spatial acoustic cues to precedence phenomena.
The Precedence Effect Is More Robust for Stimuli
Lateralized by ITD than ILD. Several studies have quantified different aspects of the PE and related phenomena using headphone stimuli lateralized by either ITD or ILD in the same subjects. Zurek (1980) , the first to do so, measured lag discrimination performance using binaurally uncorrelated noises with imbedded segments of correlated noise carrying nonzero ITDs or ILDs. At very brief lead-lag delays, ITD discrimination thresholds could not be measured, whereas even at the shortest lead-lag delays, ILD thresholds were in the range of 10-15 dB. Krumbholz and Nobbe (2002) systematically investigated PEs for ITD and ILD in a subjective lead-lag fusion paradigm. Using pairs of broadband lead-lag clicks presented over headphones that were lateralized to approximately the same intracranial position via either ITD or ILD (directly assessed via a cue-matching task), the authors measured echo thresholds in baseline, buildup, and breakdown conditions. Across all three stimulus types, fusion echo thresholds were shown to be greater for stimuli lateralized by ITD than for stimuli lateralized by ILD. Most strikingly, there was no significant breakdown effect with a "switching" of lead and lag ITD, while switching of lead and lag ILD yielded near-baseline ILD-based echo thresholds. Brown and Stecker (2013) found similar trends in both fusion echo thresholds and localization dominance (via lateralization) for lead-lag click pairs carrying ITD and ILD. Across baseline, buildup, breakdown, buildup retest conditions, lead-lag fusion and localization dominance extended to longer lead-lag delays for stimuli lateralized by ITD than for stimuli lateralized by ILD. Similar observations of different PEs for stimuli lateralized by ITD versus ILD were also made by Saberi and colleagues (see Saberi and Antonio 2003; Saberi et al. 2004 ) and by Brown (2010, 2012) and Stecker (2010, 2011) . Thus, headphone studies which manipulate ITD exclusively (including a majority of the studies discussed hereto) may fail to simulate effects observed in the free field, where ILD apparently makes a significant contribution to the potency of post-onset spatial information (e.g., Stecker and Hafter 2002; Stecker et al. 2013 (2013) found that localization dominance and fusion echo thresholds were greater when lead and lag ITD or ILD were restricted to a single hemifield than when the cues were mirror opposite. Interestingly, that effect was greater for ILD than ITD stimuli, with ILD-based fusion echo thresholds increasing by~3 ms for "within hemifield" stimuli compared to "opposite hemifield" stimuli. Effects of lead-lag spatial separation have also been investigated considerably in animal models and are discussed further in the "Comparative Studies" section. Precedence Effects Without Interaural Differences. To investigate whether the PE is exclusive to stimuli that manipulate binaural information, a small number of studies have assessed aspects of the PE using "monaural" stimuli-signals presented either to only one ear, or in the midsagittal plane, such that interaural differences were not varied. In general, these studies have suggested that some, but not all, aspects of the PE occur to a similar extent for binaural and monaural stimuli. Rakerd et al. (2000) measured fusion echo thresholds using running speech stimuli presented from two different locations in either the horizontal plane (binaural condition) or midsagittal plane (monaural condition). Though the authors used an unconventional definition of echo threshold-the relative lag intensities that produced just-perceptible second images across a fixed set of lead-lag delays-their data reinforced earlier reports (see Litovsky et al. 1999 ) that the fusion echo threshold is similar for monaural and binaural stimuli. Agaeva and Al'tman (2008) reported that subjective fusion might even be somewhat greater for longduration (e.g., 100 ms) stimuli in the midsagittal plane than in the horizontal plane. In terms of localization dominance, however, the PE appears to be weaker in the midsagittal plane than in azimuth. Dizon and Litovsky (2004) 
Studies of the Precedence Effect in Special Populations
Precedence Effects in Children. Studying the developmental time course of the PE offers to provide insight on (1) physiological mechanisms that may underlie the effect and (2) environmental considerations relevant to children (e.g., the design of classrooms). Past studies demonstrated significantly longer echo thresholds for children aged ≲5 years (25-45 ms) than for older children or adults (G15 ms; Clifton et al. 1984) and greater discrimination suppression for children (both~5-year olds and 18-month olds) than for adults (Litovsky 1997), based on azimuthal lag discrimination thresholds. More recently, Litovsky and Godar (2010) examined PEs in~5-year-old children and adults using both fusion and localization tasks with a large range of lead-lag delays (5-100 ms). Consistent with earlier studies, children exhibited significantly longer echo thresholds than adults. In the localization task, children also exhibited poorer localization of the lead and lag signals over an extended range of lead-lag delays. A contributor to this deficit appeared to be increased "temporal order confusion" (localization of the lag when instructed to localize the lead, and viceversa; cf. Stellmack et al. 1999) . Thus, although the fusion aspect of the PE would appear to be more robust among children than adults, a lack of strong localization dominance accompanying longer fusion echo thresholds and a greater propensity to confuse lead and lag signals beyond the temporal limit of fusion might instead be taken to suggest generally immature spatial hearing in children (cf. Clifton et al. 1984; Litovsky and Godar 2010) .
Precedence Effects in People with Hearing Loss. A number of investigations over the past two decades have assessed the PE in people with sensorineural hearing loss (e.g., Cranford et al. 1993; Goverts et al. 2002; Roberts et al. 2002 Roberts et al. , 2003 Roberts and Lister 2004; Lister and Roberts 2005; Akeroyd and Guy 2011) . While data have been widely variable, hearing-impaired individuals clearly experience both fusion (e.g., Roberts et al. 2002; Lister 2004, 2004) and localization dominance (Cranford et al. 1993; Goverts et al. 2002; Akeroyd and Guy 2011) . The effect of localization dominance does appear to be weaker in hearing-impaired listeners than in normal-hearing individuals (Cranford et al. 1993; Goverts et al. 2002) and can be predicted to a degree by the severity of hearing loss (Akeroyd and Guy 2011), but it remains unclear whether this effect is attributable to a reduced PE or to reduced localization accuracy in general.
Precedence Effects in Users of Cochlear Implants.
Electrical stimulation of auditory nerve fibers with cochlear implants (CIs) offers to restore hearing-including, in the case of bilateral CIs, binaural hearing-in deaf and profoundly hearingimpaired individuals. Unfortunately, performance in "binaural" tasks, including sound localization, remains poor in most bilateral CI users (e.g., Litovsky et al. 2006; Grantham et al. 2008) . A certain constraint on performance is that the devices do not preserve temporal information carried by the input signal (e.g., most devices provide no temporal fine structure cues and are not synchronized across the ears), which particularly limits sensitivity to ITD. Poorer ITD sensitivity within individual subjects is associated with worse localization in reverberation (Kerber and Seeber 2013), suggesting in turn that the PE, which strongly depends on ITD cues, may be abnormal in users of bilateral CIs. Studies by Seeber and Hafter (2008) and Agrawal (2008) In a more recent study, found that bilateral CI users experienced both lead-lag fusion and localization dominance, though localization dominance was more variable among CI users than among normal hearing listeners.
Precedence Effects in Individuals with Neurological
Impairments. A few studies have evaluated aspects of the PE in individuals with neurological impairments. To the degree that the specificity of pathology is understood, these studies offer to provide insight on brain structures that may be required for normal PEs. Cranford et al. (1990) measured lead localization in a population of individuals with multiple sclerosis and a group of normal controls. Individuals with multiple sclerosis exhibited worse-than-normal performance at lead-lag delays G1 ms, but not (on average) at longer lead-lag delays, suggestive that pathological demyelination may disrupt precedence at brief lead-lag delays. In a case study, evaluated the PE, in terms of free-field lead-lag fusion and headphone lag ITD discrimination, in an individual with a focal lesion of the right inferior colliculus and lateral lemniscus. In addition to impaired lead-alone localization of stimuli in the left hemifield (i.e., sounds contralateral to the lesion), the subject exhibited reduced lead-lag fusion for left-lead, right-lag stimuli and reduced discrimination suppression (i.e., better discrimination of changes in lag ITD), relative to normal control subjects. These data led the authors to conclude that an intact inferior colliculus is necessary for a normal PE. Finally, Mickey and Dalack (2005) studied the PE in individuals with schizophrenia, using a free-field fusion task. No significant differences were found between schizophrenic and normal control subjects, indicating that schizophrenia, thought to relate (at least in part) to deficits in thalamic function (e.g., Andreasen 1997), does not compromise the fusion aspect of the PE. Results of these studies support a monaural peripheral origin of some aspects of the PE occurring at short lead-lag delays (roughly 1-5 ms). Damaschke et al. (2005) and Bianchi et al. (2013) both reported reductions in the amplitude of ABR elicited by the lag click for short delays (maximally 1-2 ms) that were not dependent on the binaural configuration of the stimulus. CEOAE amplitudes (Bianchi et al. 2013 ) demonstrated similar suppression over a somewhat greater range of delays (largest for 1-4 ms). Because the CEOAE is thought to reflect the mechanical response of the basilar membrane rather than the physiological effects of neuronal or hair-cell activity, Bianchi et al. (2013) argued that the peripheral suppression responsible for PE at short delays originates in lead-lag interactions on the basilar membrane itself (cf. Tollin 1998) rather than in adaptation of hair-cell or neural responses (Hartung and Trahiotis 2001) or recovery times of auditory nerve or brainstem responses (see Fitzpatrick et al. 1999) .
Human Physiological Studies
Liebenthal and Pratt (1999) also measured ABR for lead-lag click pair stimuli. In that study, binaural lag responses were compared to sums of monaural lag responses. Consistent with a monaural origin of ABR correlates of the PE, Liebenthal and Pratt (1999) noted no consistent specifically binaural effects on ABR components. In contrast, binaural echo suppression was reliably observed in the auditory cortical MLR component Pa (~30-ms latency). This suppression was observed across lead-lag delays (ranging up to 20 ms) and significantly correlated with psychophysical lateralization of the stimuli. Thus, the authors argued in favor of primary cortical involvement in the PE, especially in the critical range of 4-12 ms, where peripheral contributions appear negligible.
Other support for a key role of cortical processing in the PE comes from studies of late evoked potentials. Several studies have demonstrated reliable differences in the auditory cortical N1 component (latency around 100 ms) depending on whether lead-lag stimuli give rise to fused or nonfused images (Sanders et al. 2008; Spierer et al. 2009; Backer et al. 2010) . Sanders et al. (2008) presented click pairs from loudspeakers arranged 55°l eft and right of midline, whereas Backer et al. (2010) presented similar stimuli over headphones using VAS techniques. In both studies, a large number of trials were presented at delays close to each listener's echo threshold. Subjects judged the spatial fusion on each trial, and EEG recordings were analyzed in groups of trials on which subjects did or did not report a fused percept. Sanders et al. Damaschke et al. (2005) presented an "oddball" paradigm in which diotic reference click pairs were presented every 500 ms, replaced by "deviant" pairs (which featured a lag ITD) on 12 % of trials. The MMN response, an enhanced negativity that follows deviant stimuli, serves as a marker of change detection. In the case of Damaschke et al. (2005) , MMN amplitude indexed the listeners' perception of change in lag location and accurately predicted listeners' psychophysical lag-discrimination thresholds for leadlag delays ranging 1-20 ms. This was not the case for ABR measurements made in the same study. Thus, the authors concluded that the PE is not the result of peripheral distortions but that a physiological correlate of the PE in humans is observed in the (cortical) MMN.
Importantly, many of the studies mentioned above presented stimuli that either intentionally or unintentionally evoked PE buildup effects. Backer et al. (2010) 
Summary
1. The PE consists of several different perceptual phenomena that generally but do not necessarily co-occur. At sufficiently brief lead-lag delays (dependent on a multitude of paradigm, stimulus, and subject factors), listeners tend to localize a spatially and temporally dispersed acoustic signal at a single, punctate location that more strongly reflects the spatial cues carried by the first-arriving signal components than the spatial cues carried by laterarriving components. 2. The PE appears to be dominated by low-frequency ITD information and is most robust for signals of extended duration and bandwidth. Narrowband signals, high-frequency signals, or signals otherwise lacking robust ITD information generally produce weaker lead-lag fusion, lead localization dominance, and lag discrimination suppression. 3. Some aspects of the PE, perhaps most notably leadlag fusion, are subject to effects of stimulus history, which can apparently increase or decrease their temporal extent. Effects of stimulus history are stimulus-specific, dependent not only on the spatial and spectral attributes of lead and lag but also on the composition of individual spatial cues. 4. Psychophysical PEs observed in human listeners, from discrimination suppression at a few milliseconds lead-lag delay to "built up" lead-lag fusion for repeated speech syllables, have recently been related to an array of physiological events (and their electrophysiological correlates in humans) along the auditory neuraxis, from entirely peripheral (cochlear mechanical) to cortical (a few hundred milliseconds post-signal onset). Data suggest that spatial aspects of the PE have their earliest measurable correlates in cortical evoked potentials occurring at least tens of milliseconds post-onset, although many such measurements have been taken under conditions likely to induce buildup effects. Physiological questions, which can be addressed with greater resolution in comparative studies using animal models, are considered in detail in the following major section.
COMPARATIVE STUDIES
Several dozen studies over past the 15 years have worked to elucidate the biological mechanism(s) that give rise to the PE. At least two motivations for undertaking such studies may be identified: (1) to understand the origins of perceptual precedence phenomena described in humans, and (2) for more basic reasons, i.e., to understand spatial hearing neuroethologically. Despite the morphological and functional diversity of hearing mechanisms across species, precedence-like phenomena have been described in a great variety of auditory models, including primates and other mammals, birds, amphibians, and even invertebrates including crickets and flies. In the following sections, we consider a variety of recent psychophysical and physiological studies in animal models.
Psychophysical Studies
Psychophysical paradigms employed in animals are fundamentally similar to those used in human listeners. Leading and lagging stimuli are typically presented from oppositely positioned loudspeakers or via earphones (see Fig. 5 ). Discrimination studies assess the ability of animals to detect changes in the source locations of the lead or lag stimuli but do not require the animals to explicitly localize the sounds (see Moore et al. 2008 for discussion of the differences between absolute and relative measures of sound localization abilities). Localization studies, in contrast, require the animals to indicate where in space the sounds were perceived (e.g., via head or eye movements). One difference in animal (versus human) studies is that fusion, a subjective percept, must be inferred from responses in either discrimination or localization tasks. Discrimination Studies. Many of the classic PE discrimination studies in animals (e.g., Kelly 1974; Cranford 1982; Keller and Takahashi 1996) were summarized by Litovsky et al. (1999) . Briefly, like humans, animals can discriminate left from right for single source (lead alone) stimuli with near-perfect accuracy. For lead-lag stimuli, performance changes systematically with lead-lag delay (e.g., Fig. 5b ): At lead-lag delays G1 ms, discrimination performance is near chance, consistent with perception of a phantom source near the midline, i.e., summing localization. At lead-lag delays between approximately 1 and 10 ms, animals again correctly discriminate the side of the leading source with near-perfect accuracy, i.e., with little impact from the lagging source. Finally, for leadlag delays increasing beyond ≥10 ms, the animals' performance declines toward chance, suggesting the perception of two sources, one on each side, and thus a bimodal distribution of responses rather than consistent responses toward the lead. The lead-lag delay at which performance begins to decline has often been interpreted as a discrimination-based echo threshold, as described by Litovsky et al. (1999 Figure 5 illustrates an example psychophysical paradigm for assessment of localization dominance in cats; similar paradigms have been used in barn owls (Keller and Takahashi 1996) and nonhuman primates (Populin 2006) . Data demonstrate that the animals experience summing localization at lead-lag delays ≤1 ms and localization dominance for lead-lag delays in the range from~1 to 10 ms (Fig. 5) , similar to the range over which localization dominance is effective in humans ( Fig.  3 A Mean response azimuth (±1 SD) for one cat for paired lead-lag stimuli delivered from loudspeakers L and R as a function of the lead-lag delay (filled circles and error bars) and for single stimuli from each location (solid and dashed horizontal lines). Positive delays indicate that source R was leading source L, negative delays indicate that L was leading R. The hatched region (±400 μs) demarcates the temporal extent of summing localization. Localization dominance extends from 400 μs to~10 ms. A localization-based echo threshold of~10 ms can be inferred from the responses: At lead-lag delays 910 ms, the cats localized the lagging source on~50 % of trials, which shifted the mean response azimuth toward 0°and increased its variance. B Mean normalized response azimuth (filled circles) and mean standard deviation of response (open circles) for three cats as a function of lead-lag delay. Solid horizontal and dashed line show mean normalized response ±1 SD to a single source at the leading location. Echo threshold was operationally defined as the lead-lag delay at which the behavioral response azimuths trended toward 0°(~10 ms). Data replotted from Tollin and Yin (2003) .
at lead-lag delays ostensibly beyond the temporal limit of fusion. The data do not prove, however, that cats experienced a fused image like that reported by human listeners in similar tasks.
Somewhat different data were reported by Spitzer and Takahashi (2006) for barn owls: In their study, the latencies of responses to lead-lag stimuli were always~50 % longer than those to single source stimuli, suggesting that although the owls experienced localization dominance, their certainty about the source location was always reduced by the presence of a lag. Tolnai et al. (2014) Donovan et al. 2012 in humans) to explore which aspects of the lead-lag stimulus control the perceptual salience of the lag. By artificially lengthening the lag-alone segment independent of the lead-lag delay, the authors demonstrated that the proportion of trials on which the owls oriented toward the lag location increased with increasing length of the lag-alone segment. This result was indicative, in their view, that delay-dependent "lag suppression" is a misnomer; the perception, or at least the localizability, of the lag depends on the fidelity of its internal representation, which improves as its duration is increased.
Physiological Studies
Psychophysical PE studies conducted in animal models have systematically mapped out the ranges of lead-lag delays over which various PE phenomena are experienced by a variety of species (most especially the cat and barn owl). These data are essential toward the interpretation of physiological studies of similar phenomena, for which the goals are to elucidate (1) where along the auditory neuraxis neural correlates of the various PE phenomena first emerge and (2) what mechanisms (e.g., neural adaptation or synaptic inhibition) produce these effects. A Cautionary Note-Effects of Anesthesia. Many early physiological studies of PE were conducted using animals under general anesthesia (see Litovsky et al. 1999 for review). It has since been established that anesthetics (particularly sodium pentobarbital) can significantly increase neural "lag response" recovery times. For example, while lead-lag delays that produce "half-recovered" responses to the lag in neurons of the inferior colliculus (IC, Tollin et al. 2004; Fitzpatrick et al. 1995) and auditory cortex (Fitzpatrick et al. 1999 ) of awake animals are~10 and~20 ms, respectively, these values increase to~35 ms in the IC (Yin 1994; Litovsky and Yin 1998a, b) and 100 ms in the cortex (Reale and Brugge 2000; Mickey and Middlebrooks 2005) of anesthetized animals. Song et al. (2011) studied the effects of sodium pentobarbital anesthesia on neural PE responses directly by measuring the responses of IC neurons in rats before and after drug administration. As the dose of anesthetic increased, the lead-lag delay at which the responses recovered systematically increased. In sum, the effects of anesthesia in physiological studies of the PE can be profound. The majority of review to follow will thus focus on studies that have used unanesthetized animals, though some data from anesthetized animals will be highlighted where appropriate.
Physiological Study of the Precedence Effect-an Example. Figure 6 illustrates an example free-field physiological paradigm for study of the PE, based on data collected by Tollin et al. (2004) in the IC of the unanesthetized, behaving cat. In this example, neural responses to transient signals presented from single source locations are first measured (Fig. 6A ) in order to determine the neurons' "spatial tuning," which can be summarized by plotting the response, in numbers of action potentials (or "spikes") per stimulus (or per second), as a function of the spatial location (azimuth/elevation) of the sound source. In most studies, neural responses to presented stimuli are computed within a short window of time shortly after stimulus onset (see "Analysis window" in Fig. 6A ). As is the case for most spatially tuned neurons in the IC and auditory cortex (not shown, see Mickey and Middlebrooks 2001), neural responses are greater for contralateral stimuli (speaker R in Fig. 6A ) than for ipsilateral stimuli (speaker L in Fig. 6A ). After responses are established for single stimuli at these two locations, a lead-lag (L-R or R-L) stimulus is presented to elicit the PE. The order of stimulus presentation is typically varied across trials.
At the most basic level of analysis, neural responses to the leading and lagging sources are quantified using the analysis windows determined from their corresponding single-source responses but adjusted in time to account for the lead-lag delay (Fig. 6B) . Lag source response recovery functions are often plotted as a ratio of lag response to lag-alone response at a given location, measured across a range of lead-lag delays to determine the range of lead-lag delays yielding reduced lag responses (e.g., Fig. 6B, Inset) . , recorded over many trials. For each source azimuth, the response (mean spikes/stimulus) was computed using an analysis window, designed to capture only stimulus-elicited (i.e., acoustically driven) spikes; the analysis window is computed separately at each azimuth as the time window containing mean spikes greater than 2 standard deviations above the spontaneous rate. Mean number of spikes/stimulus (±1 SEM) is given as a function of sound source azimuth in the right panel. Responses are clearly modulated by variations in source azimuth, with a strong contralateral bias. B Responses of the neuron depicted in A to paired sources at two lead-lag delays (LLDs) when either the contralateral source (speaker R) was leading the ipsilateral source (speaker L, left column) or vice versa (right column). The total response of the unit was computed either by summing nonoverlapping responses (at lead-lag delays ≥20 ms), or using a composite analysis window created by merging the analysis windows for the leading and lagging source (e.g., 5-ms delay; see Parham et al. 1996) . (Inset) Normalized response to the lag as a function of lead-lag delay for the two pairedsource conditions. "Half-maximal" lead-lag delay indicates the delay at which the neuron's response to the lag recovers to 50 % of its response to a single stimulus ("lead alone") from the same location. The half-maximal delay is measured separately for contraipsi and ipsi-contra lead-lag stimuli (and occurs at substantially different absolute values of lead-lag delay in this neuron). C Mean number of total spikes per stimulus as a function of lead-lag delay. IC neuronal responses were systematically modulated by lead-lag delay, particularly for lead-lag delays between −10 and +10 ms. Consistent with behavioral modulation of responses (e.g., Fig. 5A ), over this range of lead-lag delays, the neural response was greater when the delays favored the contralateral source (speaker R) than when they favored the ipsilateral source (speaker L), with a gradual transition near 0 ms (i.e., in the region of summing localization). For both ipsi-contra and contra-ipsi stimuli, discrete responses to the lead are evident at sufficiently long lead-lag delays (squares) and comparable in number of spikes to the single stimulus values plotted in A. Data replotted from Tollin et al. (2004) .
Neural Responses to Lagging Sounds Are Weakly
Suppressed in Lower Auditory Centers. Variants of the lead-lag paradigm depicted in Figure 6 have been used to study virtually all stations in the ascending auditory pathway, including the auditory nerve (AN; Parham et al. 1996) Fig. 7A ). The results of these studies are summarized in Figure  7B , which plots the mean recovery of the lag response (normalized to the lag alone response) in populations of neurons from each stage as a function of the lead-lag delay. For very brief leadlag delays (e.g., 2 ms), neuronal responses to the lag are significantly reduced at all sites. As the leadlag delay is increased, each lag recovery function eventually reaches a level comparable to the response elicited when the lagging source is presented in isolation. The lead-lag delay producing 50 % recovery is often used as a measure of the "neural echo threshold" to provide for comparison against behavioral echo thresholds. While a general trend of lag increasing response recovery with increasing lead-lag delay can be observed for all areas of the auditory system studied thus far, the rate at which neural responses to the lagging sound recovers and, by extension, the neural echo threshold, appears to strongly depend on the level in the ascending auditory system at which the neurons are located. At more peripheral sites on the neuraxis, including the auditory nerve, cochlear nucleus, and superior olivary complex, neurons begin to respond to both the lead and to the lag for lead-lag delays as short as 1-2 ms. By 5-6 ms, responses to the lag are nearly fully recovered (75 % or greater) in each of these areas. Conceivably, the emergence of reliable lag responses at these peripheral levels could provide a basis for psychophysical echo thresholds on the order of 5-6 ms measured with pairs of lead-lag transients in some experiments (see Table  1 ). However, in many human and animal psychophysical studies, lag discrimination and especially localization responses suggest very little influence of the lag until delays of 8-10 ms or more (Figs. 3  and 5) . These data are difficult to account for on the basis of limited reductions of neural responses observed at those delays in peripheral (or "prebinaural") auditory neurons.
Evidence That the IC Is a Critical Processing Center for the Precedence Effect. The IC is an excellent candidate site for the generation of PE and specifically spatial PE p h e n o m e n a s u c h a s s p a t i a l l y d e p e n d e n t discrimination suppression: Most of the neurons comprising the IC are sensitive to spatial location. Figure 6C plots data obtained in a free-field PE paradigm like that pioneered by Yin (1994), but using unanesthetized cats (Tollin et al. 2004 ): At small leadlag delays (G±1 ms), the responses of IC neurons were modulated in a manner consistent with summing localization (cf. Warncke 1941). For lead-lag delays ranging from ±1 to~±10 ms, the total response of the IC neurons to the lead-lag stimulus approximated the response to a single source at the location of the lead, with little effect of the lagging source (cf. Spitzer et al. 2004 ). For lead-lag delays beyond~±10 ms, a separable response to the lag began to emerge (see also Fig.  6B ). The emergence of a separable lead and lag responses was consistent with increasingly robust perception of the lag (a failure of both lead-lag fusion and localization dominance) at delays beyond~10 ms, measured in the same animals (Tollin et al. 2004) .
Several physiological studies have specifically examined the effects of either directly changing the lead/lag source locations (Litovsky and Yin 1998a, b; Litovsky and Delgutte 2002; Tollin et al. 2004; Dent et al. 2009; Spitzer et al. 2004) or manipulating the lead/lag ITD (Yin 1994; Fitzpatrick et al. 1995) on lead and lag responses in IC neurons. The degree of lag suppression has been shown to depend upon the relative location of the leading source, with maximal suppression generally occurring when the lead and lag are colocated or proximate and progressively less suppression occurring for more disparate locations (Litovsky and Yin 1998a, b; Litovsky and Delgutte 2002; Tollin et al. 2004; Dent et al. 2009; Spitzer et al. 2004) . Neurons exhibiting this characteristic have been referred to in the literature as "SMAX" neurons (see Litovsky et al. 1999) . A smaller proportion of neurons, known as "SMIN" neurons, exhibit stronger suppression when the lead and lag stimuli are spatially disparate (i.e., when the lead stimulus carries cues different from the lag stimulus; e.g., Litovsky and Delgutte 2002). Thus, while proximate lead and lag sources generally lead to stronger inhibition than disparate lead and lag sources, the existence of SMIN neurons may offer a physiological basis for the occurrence of psychophysical precedence across spatial hemifields.
Mechanisms That May Give Rise to Precedence Effect-Like
Responses Within the IC. Yin (1994) suggested that a candidate structure to provide delayed spatially dependent inhibition to the IC would be the DNLL (see Figs. 7A and 8) . Anatomically, the DNLL projects to both ICs (Hutson et al. 1991; Shneiderman et al. 1988; Shneiderman et al. 1999) . Physiologically, DNLL neurons are sensitive to the binaural cues to sound location (Brugge et al. 1970; Kelly et al. 1998; Markovitz and Pollak 1994; Yang and Pollak 1994) . Finally, the principal cells of DNLL are GABAergic (Adams and Mugnaini 1984; Gonzalez-Hernandez et al. 1996) and have been shown to provide long-lasting inhibition to IC (e.g., Burger and Pollak 2001; Pecka et al. 2007) . DNLL is thus optimally positioned to provide delayed, spatially dependent inhibition to IC neurons over a time course consistent with IC neural lag suppression. Pecka et al. (2007) argued further that DNLL-based inhibition of the IC and of the opposite DNLL (via the commissure of Probst) should lead to impaired lag spatial sensitivity at delays for which lag detection is still possible (consistent with psychophysical disparities between fusion and explicitly spatial measures of the PE; see Pecka et al. 2007) . Few other PE studies have empirically examined the role of the DNLL, but it seems that a complete systems-level understanding of the physiological PE will require an understanding of how ipsilateral and contralateral DNLL projections affect empirically measured IC responses. One DNLL-based model (Xia et al. 2010 ) that proposes a biologically plausible explanation for the existence of SMAX and SMIN neurons is discussed in the "Modeling" section (see Fig. 8 ).
Cortical Involvement in the Precedence Effect. Responses to lagging sources in auditory cortex neurons continue to be suppressed for lead-lag delays well beyond~10 ms, even in unanesthetized animals (Fig. 7; Fitzpatrick et al. 1999) . Using information theoretic techniques, Mickey and Middlebrooks (2005) reported that the vast majority of cortical neurons showed no significant transmission of information about the location of the lagging source for lead-lag delays up to 16 ms, well beyond the~10-ms lead-lag delays at which humans, cats, and barn owls first begin to localize the lagging source psychophysically. Thus, on the basis of single unit data, the role of the auditory cortex in the PE remains uncertain. One piece of evidence against cortical involvement in localization dominance was reported by Tollin et al. (2010) : In addition to gaze shifts toward the lead at delays that produce localization dominance, cat's pinnae shift toward the lead and do so with latencies too short to be attributed to cortical processing (see Tollin et al. 2010) . It is at present unclear how to reconcile such data with recent human evoked potential studies that argue for an important role of long-latency cortical processing in some aspects of the PE, though the presence or absence of conditioner (buildup) stimuli may be an important difference.
Summary.
1. A variety of experimental animals perform similarly to human listeners when tested in similar or analogous psychophysical PE paradigms. Recent data from predatory animals such as cats, owls, and ferrets that are naturally predisposed to orient toward sound sources suggest that these animals experience true localization dominance, similar to human listeners. Data suggest some interspecies differences (e.g., between cats, owls, and bats). Additional data is needed from other vertebrates and invertebrates to more formally understand the conservation of PE phenomena across species and taxa. 2. Physiological data obtained from experimental animals suggest that some aspects of the PE may emerge at relatively peripheral sites in the auditory neuraxis, while others (e.g., localization dominance) almost certainly require more central processing, such as synaptic inhibition, perhaps in the inferior colliculus via the dorsal nucleus of the lateral lemniscus. It is essential to understand and avoid confounding effects of anesthesia in physiological experiments of the PE, which in earlier studies led to overestimates of its neural time course. 3. While neural mechanisms have been identified in experimental animals that are concordant with psychophysical responses observed in the same animals, the level at which the perception of a single or multiple auditory objects arises, and the manner by which the locations of those objects are ascribed (a very fundamental question), remains unknown. Some data from cats and rabbits suggest PE-like processing in the auditory cortex, but much more data is needed before the role of the cortex in precedence phenomena can be extrapolated.
MODELS OF THE PRECEDENCE EFFECT
Finally, we consider a number of recent models that have been proposed to account for aspects of the PE. Some of the models to be discussed were developed to account for PE data specifically, while others are more general models that have been tested for their ability to account for the PE. These models vary in their degree of computational detail and biological specificity but can in general be attributed to more "peripheral" or "central" domains. In many models, outputs consist of "internal ITDs" for the lead and/or lag estimated from the cross ipsilateral inhibition from the DNLL should be robustly inhibited for "lag" stimuli when the "lead" is colocated or in the same hemifield. Such neurons, described in the physiological literature as "SMAX" neurons, appear to be ubiquitous in the IC, providing a candidate neural substrate for the inverse relationship between lead-lag spatial separation and the strength of localization dominance. B IC neurons receiving robust contralateral inhibition from the DNLL should be robustly inhibited for "lag" stimuli in the contralateral hemifield when the "lead" is in the ipsilateral hemifield. Such neurons, described in the physiological literature as "SMIN" neurons, appear to be somewhat less common than SMAX neurons but provide a candidate substrate for the persistence of the PE when the lead and lag are spatially disparate. Diagrams adopted from Xia et al. 2010 , Figure 1 . 1978; Stern et al. 1988) . In some cases, interaural cross-correlation is assessed in a timevarying manner, which allows for analysis of leading and lagging information available at discrete points in time (e.g., Tollin 1998; Xia and Shinn-Cunningham 2011) .
Blauert and Cobben

Peripheral Models
Impinging acoustic signals cause motion of the basilar membrane that can persist for milliseconds after the signal offset, most especially in apical (low-frequency) regions of the cochlea with narrow mechanical tuning. Such "ringing" can lead to a few milliseconds of cyclic auditory nerve fiber output even for impulsive/transient input stimuli (e.g., Kiang et al. 1965) . Tollin (1998) proposed that such ringing of the basilar membrane might precipitate precedence-like effects, without invoking central inhibitory mechanisms. For pairs of lead-lag transients, Tollin (1998) modeled the excitation of the basilar membrane and corresponding auditory nerve fibers as the output of narrowband gammatone filters centered near 750 Hz, in the so-called binaural dominance region (e.g., Bilsen and Raatgever 1973; Gaskell 1983; Tollin and Henning 1998) . By quantifying the interaural differences in the left-and right-ear filter outputs, Tollin (1998) was able to predict essential features of precedence effects at brief lead-lag delays, including localization dominance, lead-lag ITD "trading" (Wallach et al. 1949) , and "anomalous lateralization" in which lateral position judgments for lead-lag stimuli appear opposite those expected based on the lead cues (Tollin and Henning 1998, 1999; Dizon and Colburn 2006) . Thus, Tollin (1998) demonstrated that some aspects of the PE could be accounted for at the most peripheral level of the auditory system, in the ear itself, as a consequence of binaural cue distortion (mainly ITD, but also ILD-see Tollin 1998; Hartung and Trahiotis 2001; . Hartung and Trahiotis (2001) further explored the notion of peripheral PEs. Using the Meddis (1986) hair cell model, which imposes nonlinear compression and adaptation effects on gammatone filter outputs, the authors computed the outputs of left and right auditory filter banks for lead-lag stimuli and computed their resultant cross-frequency interaural cross-correlation. Taking the effective lateral position as the peak of the average cross-correlation function (after cross-frequency weighting that emphasized lowfrequency information, cf. Tollin 1998), Hartung and Trahiotis (2001) were able to account for PE data obtained at brief lead-lag delays up to~2-3 ms (e.g., lead-lag trading data of Wallach et al. 1949; Yost and Soderquist 1984) . Xia and Shinn-Cunningham (2011) took a similar approach but extracted peripheral responses as the outputs of an auditory nerve model (Carney 1993) and considered the resultant interaural cross-correlation data over time, with respect to known physiological distributions of neuronal "best ITDs." The authors were able to predict lead-lag ITD lateralization results obtained at 1-and 2-ms lead-lag delay with a variety of stimuli. Brown and Stecker (2012) took a similar approach, applying the auditory nerve model of Zilany et al. (2009) , which features "power-law" adaptation, to evaluate peripheral processing effects at longer lead-lag delays. Auditory nerve model outputs replicated auditory nerve data reported by Parham et al. (1996) , which demonstrated persistent (but systematically declining) attenuation of lag responses (relative to lead responses) at lead-lag delays of 4, 8, and even 16 ms (see Fig. 7 ). In sum, a variety of studies have suggested that some aspects of the PE evident at brief lead-lag delays might be accounted for without resorting to central mechanisms.
Central Models
Toward an understanding of aspects of the PE that persist to longer lead-lag delays or strongly depend on spatial attributes of the lead and lag, a number of models have been developed that implement mechanisms to explicitly suppress the spatial information carried by the lagging sound, typically within the context of a larger-scale binaural lateralization model. One approach has been to temporarily inhibit binaural information following sound onsets (Lindemann 1986a, b; Zurek 1987) . A germinal example is the model of Lindemann (1986a, b) , who extended the binaural cross-correlation model to include contralateral inhibitory mechanisms as well as monaural detectors. These modifications allowed Lindemann (1986a) to account for a variety of phenomena including lateralization by interaural level differences, ITD/ILD trading, multiple images resulting from conflicting cues, and effects of varying interaural correlation. In addition, Lindemann (1986b) invoked the contralateral inhibition mechanism to account for localization dominance in bandpass impulse pairs in which the lag carried an ITD, as a function of both lead-lag delay and impulse frequency. In this model, temporary inhibition triggered by the primary crosscorrelation peak suppresses secondary peaks resulting from the lag.
Braasch and Blauert (2003) compared various binaural models' predictions of PEs for lead-lag pairs of temporally overlapping noise bursts. Binaural crosscorrelation and excitatory-inhibitory ("EI") algorithms (cf. Breebaart et al. 2001a, b) were tested with and without inhibition (as in Lindemann (1986a, b) model), with an integrated hair cell model (Meddis 1986) as proposed by Hartung and Trahiotis (2001) , and with spectral-dominance weighting as proposed by Tollin (1998) . While the hair-cell and spectraldominance models were able to account for many aspects of the PE for click pairs presented at short delays, reported that these models failed to account for PEs with longerduration stimuli, in which lead and lag temporally overlap. The modified Lindemann model was more successful, highlighting the likely role of postperipheral mechanisms (e.g., inhibition) in shaping the PE for real-world stimuli such as speech.
Braasch (2013) implemented a PE model that aimed to reduce the lag representation in each ear's signal prior to binaural comparison. Rather than triggering inhibition at the overall sound onset, the Braasch (2013) model uses autocorrelation to determine the relative amplitude and timing of the lead and lag signals, separately in each ear. This information is then used to derive a finite-impulse-response inverse filter that attenuates the lag in the monaural signal at each ear. Importantly, the model is able to account for PEs in sounds that lack overall onset cues (e.g., Dizon and Colburn 2006; Nelson and Takahashi 2010; Donovan et al. 2012 )-instances for which models using onset-triggered inhibition fail. While it is not clear to what extent this model mimics physiological processes, the monaural inverse filtering is in some ways similar to delayed inhibitory circuits described in the cochlear nucleus (e.g., Wickesberg and Oertel 1990 ).
An alternative to post-onset suppression of binaural information has been to weight or extract the cues occurring only in the periods of the stimulus likely to be dominated by the lead sound. Wolf (1991) extracted ITD from the onset slopes (i.e., regions where the temporal envelope slope is significantly positive), an approach supported by recent psychophysical and physiological evidence for the dominance of binaural cues that occur during periods of increasing envelope slope (Nelson and Takahashi 2010; Dietz et al. 2013; Baxter et al. 2013; Stecker and Bibee 2014) . Faller and Merimaa (2004) measured the time-varying interaural coherence of leadlag click trains, noises, and speech sounds in order to detect instants in which the direct sound carries significant energy in a given critical band. Extracting ITD and ILD cues from only those instants enables the model to accurately track lead-sound direction in the presence of delayed copies, reverberation, and spatially competing distracters. For lead-lag click pairs, the cue-selection model of Faller and Merimaa (2004) exhibits all three phases of the PE (summing localization, localization suppression, and independent localization of the lead and lag) as ICI is extended from 0 to 20 ms. A similar approach employed by Dietz et al. (2011) applies cue selection by interaural vector strength within a comprehensive binaural processing model that incorporates envelope and fine-structure processing of ITD and ILD information. That model successfully captures sound-source directions in the presence of noise and reverberation as introduced by binaural room impulse responses.
A combined approach (featuring both onset emphasis and spatial inhibition) was recently described by Takanen et al. (2013) , in the form of a comprehensive binaural model based on count-comparison coding. The model is capable of predicting lateralization on the basis of ITD and ILD cues in a variety of stimulus contexts, including simulations of the PE. The model incorporates biologically inspired models of the medial superior olive (MSO) and LSO for ITD and ILD extraction, along with higher-order processes that combine cues across outputs of those pathways, enhance onsets, and provide spatial contrast via contralateral inhibition. Onset enhancement and spatially dependent inhibition in particular provide the model with appropriate predictions of localization dominance at short delays for lead-lag pairs and for the case of multiple reflections embodied in recorded binaural room impulse responses.
A biologically explicit model that features spatially dependent inhibition (based on low-frequency ITD processing) was proposed by Xia et al. (2010) . The model features biophysical models of auditory nerve fibers, cochlear nucleus spherical bushy cells and MSO principal cells in series, and inhibitory (GABAergic) DNLL neurons (inverting inputs from MSO) as inputs to each IC (see Fig. 8 ). For lead-lag input stimuli, effects of peripheral lead-lag interactions occur at the level of MSO (prior to DNLL inhibition) for lead-lag delays to a maximum of~5 ms. At the level of IC, the model captures the graded recovery of ITD-sensitive neuronal responses to the lag beginning at approximately 10-ms lead-lag delay (cf. Tollin et al. 2004 ) in a manner that depends, for each neuron, on the spatial locations (ITD) of the lead and lag stimuli and on the relative strength of inputs from contralateral versus ipsilateral DNLL. Specifically, the lag responses of neurons that receive stronger ipsilateral than contralateral inhibition from DNLL (SMAX neurons; e.g., are most suppressed when the lead and lag are colocated (Fig. 8A) . Responses in neurons that receive stronger contralateral than ipsilateral DNLL inhibition, conversely, are most suppressed when the lead is located in the opposite hemifield (Fig. 8B) . The authors used the model to successfully predict a variety of psychophysical localization dominance data, including estimates of the neural "precedence ratio" (c, ShinnCunningham et al. 1993) . The model of Xia et al. (2010) is thus broadly consistent with a variety of psychophysical and physiological data discussed hereto, including possible monaural effects at lead-lag delays of approximately ≤5 ms, and binaural effects requiring synaptic inhibition at lead-lag delays of~10 ms and beyond. Summary 1. Aspects of the PE measured at very brief lead-lag delays can be accounted for by models of peripheral auditory processing that do not include explicit mechanisms for "echo suppression." These include fusion, discrimination suppression, and localization dominance at delays shorter than~3-5 ms, as well as the pattern of delay-dependent anomalous lateralizations that occur for transient and narrowband stimuli in this range. However, aspects of the PE measured at lead-lag delays of 5-10 ms and beyond are not well-accounted for by peripheral models. 2. Models that include explicit mechanisms for lag inhibition have been successful at predicting aspects of the PE that persist to~10-ms lead-lag delay and beyond. However, some of these models implement onset-triggered inhibition that cannot account for the "ongoing" PEs (e.g., localization dominance in the absence of strong onset cues). 3. Models that extract spatial cues from particular instants of an ongoing stimulus, for example by increased weight on cues occurring during increases in the temporal envelope, may perform similarly to inhibition-based models for stimuli with strong onsets, while better accounting for ongoing precedence effects in longer-duration stimuli. In some cases, such models are well supported by the characteristics of neural behavior. 4. Models that combine peripheral and central processing stages will likely be necessary to account for all aspects of the PE. Similarly, models that integrate ITD, ILD, and spectral shape processing will likely be necessary to capture the full range of behavioral responses to naturalistic PE stimuli.
GENERAL DISCUSSION
The PE, first understood as a perceptual phenomenon, has inspired decades of research using diverse psychophysical, physiological, and computational methods. We have attempted to be comprehensive in our coverage of important modern PE findings. Additional experiments using more naturalistic paradigms will allow specification of stimulus features that do or do not give rise to various aspects of the laboratory lead-lag PE. Studies that use naturalistic stimuli presented over an extended period of time will also work to further elucidate effects of repeated stimulation (buildup and breakdown), their correspondence to paradigms that employ identical onset and post-onset signals, and their relevance to real-world listening. It would be particularly interesting to measure "natural" echo thresholds with respect to the known geometry of various reverberant environments. Everyday experience would suggest that the oft-cited 5-10-ms echo threshold for equal-amplitude lead-lag transients is a significant underestimate of the delay at which "echoes" actually become discretely perceptible, or problematic, in most environments (cf. Hafter et al. 2001) . In a separate domain, the contribution of visual information to the PE is an area ripe for investigation, with recent indications that visual information readily influences the perceptibility of the lead or lag (e.g., Bishop et al. 2011 Bishop et al. , 2012 ; if the lead or lag is visually reinforced, the lag is perceived less or more often). Parametric studies of the influence of visual information on sound localization and the PE in particular will improve our understanding of how the PE operates ecologically. While some species localize sound in the absence of visual cues, such that purely auditory stimuli may be ecological, humans (and many models used for translational reasons) generally do not. Experiments that bias auditory versus visual information (cf. Bishop et al. 2011) , for example, will work to establish the relative dominance of each modality for localization in reverberant settings.
Relationships Among Psychophysical Measures of the Precedence Effect. While fusion, localization dominance, and discrimination suppression are now g e n e r a l l y w e l l -d e f i n e d , t h e i r f u n c t i o n a l interrelationships remain unclear. This is not an entirely semantic problem. The fusion aspect of the PE determines the number of images perceived. This aspect of the phenomenon, at least, can be (and has been) measured independent of localization dominance or discrimination suppression. It appears that under some circumstances, fusion and localization dominance can change independently of one another. Summing localization (strong fusion without localization dominance) is one example, but some data suggest similar dissociation at long (10-20 ms) lead-lag delays. Further investigation of this matter will work to elucidate which aspects of the PE may be attributable to nonspatial mechanisms and which are explicitly spatial in nature.
Physiological Mechanisms That Give Rise to the Precedence
Effect. While the PE has been studied at nearly every site in the auditory system, the manner in which a PE stimulus is processed by the intact auditory system or even brainstem remains unknown. In particular, although it seems clear that important correlates of the PE emerge at the level of the IC and that the DNLL is positioned to contribute to spatially dependent lag suppression (e.g., Burger and Pollak 2001; see Tollin et al. 2004; Pecka et al. 2007; Xia et al. 2010) , details of this circuit remain obscure. Pharmacological, genetic, or optogenetic studies that provide for focused, reproducible, and most ideally reversible inactivation of one or both DNLLs in awake, behaving animals, for example, would enable study of the functional contributions of DNLL's ipsilateral projections to IC and contralateral projections to IC and the opposite DNLL to physiological and psychophysical aspects of the PE.
Contributions to the PE of structures beyond of IC are poorly understood. Animal data suggest a more robust PE in the auditory cortex than in the auditory midbrain, in that the cortical response to lag does not recover until well after the midbrain response has recovered. Is this difference in time course due to additional synaptic inhibition at the level of the cortex? What might the auditory thalamus contribute to PE processing in the cortex, or the colliculus? Is the cortico-collicular system (efferent projections from the cortex to the midbrain, see Winer 2006) involved in PE processing, perhaps for long-duration stimuli or under conditions of repeated stimulation? While physiological effects of repeated stimulation have been studied very little, some electrophysiological data from humans suggest that relatively "late" cortical events may contribute to the phenomenon of buildup. A cortical cooling experiment in an animal model (for reversible deactivation of the cortex; e.g., Nakamoto et al. 2008 ) paired with presentation of single and multiple lead-lag stimuli during recording from the IC would likely yield significant new insight on the role of the cortex in the PE. Clinical Significance of the Precedence Effect. It is not clear to what degree or in what manner hearing loss affects the PE. Understanding limitations on or changes to the PE in hearing-impaired populations could contribute significantly to an improved understanding of notorious limitations on patient outcomes (e.g., persistently poor communication in acoustically complex social settings). Systematic investigations of the PE in hearing-impaired indivduals will elucidate possible links between hearing loss and changes in the PE specifically. It will be critical, in designing such investigations, to account for subject factors such as type of hearing loss, duration of hearing loss, and age. Finally, additional studies in users of cochlear implants will further establish the extent to which aspects of the PE are preserved in electric hearing, which may in turn provide further mechanistic insight (since cochlear implants bypass the inner ear).
On the Ecological Utility of Precedence Effect
By published accounts, the PE appears to be nearly as ubiquitous as audition itself. Precedence-like phenomena (prime salience of early-arriving spatial information) have been reported in nearly every organism examined, from parasitic flies to amphibians to birds to rodents to felines to canines to humans (but see data on echolocating bats, Schuchmann et al. 2006, and echolocating dolphins, Zaslavski 2008) . The premises and interpretations of these many studies have often focused on the utility of PEs for echo suppression, that is, avoidance of the perceptual effects of echoes that might otherwise confound sound localization in real environments. This view, in turn, holds that the PE facilitates (depending on the organism) communication, environmental awareness, prey capture, and/or predator avoidance in natural environments. Though we, too, have discussed the PE largely in terms of sound localization in reverberant environments, we feel that this view deserves more scrutiny.
A major caveat for consideration (also suggested by Litovsky et al. 1999) concerns the actual prevalence of reflected sound in the natural world. The evolution of a system specifically for echo suppression would imply that reflected sound is a basic challenge that auditory systems have been obliged to overcome-not just once but likely multiple times, consistent with the multiple evolutionary lineages of audition and sound localization specifically (e.g., Schnupp and Carr 2009) . In man-made environments abounding with parallel surfaces, the amplitudes of discrete signal reflections can be considerable but are still much less than the amplitudes of incident signals (e.g., Fig. 1) . In natural environments, parallel or even planar surfaces, excepting the ground, and perhaps underground burrows or caves, are rare; thus, high-amplitude, highly directional reflections are also rare (although diffuse, low-intensity reflections, e.g., see bottom panel of Fig. 1 , still carry some information about the spatial extent of the environment, and may even reinforce the direct signal). Thus, returning to the laboratory, lead and lag signals with equal intensity, or even only moderately lower intensity in the lag, would seem to substantially exaggerate the ecological problem of reflected sound, especially for species that do operate in relatively anechoic environments, e.g., owls in flight. Zurek (1980) suggested an alternative view-that the PE is useful for "the avoidance of interaural ambiguities" (1980) . While such ambiguities can arise as a result of reflected sound, interaural ambiguities can also arise as a result of competing signals (e.g., multiple communication signals from conspecifics, Bosch and Marquez 2002; Lee et al. 2009 ), as a result of interaural decorrelation (e.g., diffuse reverberation, rather than spatially coherent reflections), or as a result of interaural phase ambiguities that arise for highfrequency signals, for which the signal wavelength is less than the width of the head. In each of these cases, a mechanism that emphasizes the leading signal offers to disambiguate the spatial acoustic cues so that a meaningful location can be ascribed to the auditory event, providing a basis for behavioral action. The question of what the PE is good for is of course separate from the empirical question of how the laboratory PE works. Indeed, the synthetic lead-lag stimulus used in so many investigations has proven a utile stimulus for measuring basic temporal and spatial aspects of auditory perception, for interrogating the function of auditory brainstem circuits, and for evaluating the predictive power of models of auditory processing. Nonetheless, a more ecological understanding of the PE as a mechanism for the preservation of accurate sound localization in reverberant environments or other adaptive purposes will ultimately require more ecological approaches to its study.
